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We propose a new approach for the realization of very low noise programmable current sources
mainly intended for application in the field of low frequency noise measurements. The design is based
on a low noise Junction Field Effect Transistor (JFET) acting as a high impedance current source and
programmability is obtained by resorting to a low noise, programmable floating voltage source that
allows to set the sourced current at the desired value. The floating voltage source is obtained by
exploiting the properties of a standard photovoltaic MOSFET driver. Proper filtering and a control
network employing super-capacitors allow to reduce the low frequency output noise to that due to the
low noise JFET down to frequencies as low as 100 mHz while allowing, at the same time, to set the
desired current by means of a standard DA converter with an accuracy better than 1%. A prototype of
the system capable of supplying currents from a few hundreds of A up to a few mA demonstrates
the effectiveness of the approach we propose. When delivering a DC current of about 2 mA, the
power spectral density of the current fluctuations at the output is found to be less than 25 pA/./Hz at
100 mHz and less than 6 pA//Hz for f > 1 Hz, resulting in an RMS noise in the bandwidth from 0.1
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to 10 Hz of less than 14 pA. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903355]

. INTRODUCTION

It has long been recognized that Low Frequency Noise
Measurements (LFNM) can be a very sensitive tool for the in-
vestigation of the quality and reliability of electron devices.'
In order to reach the highest sensitivity, however, care must
be taken to minimize the noise contribution coming from the
instrumentation employed for biasing the Device Under Test
(DUT) and for amplifying the noise signal we are interested
in2 At frequencies as low as a few Hz and below, it is the
flicker noise introduced by the instrumentation that sets the
background noise of the system. The equivalent input noise
of the amplifier used for raising the level of the noise pro-
duced by the DUT sets the ultimate limit to the sensitivity
that can be obtained only in the case in which the contri-
bution to the background noise coming from the DUT bias
network can be neglected. To insure this last condition, it is
common practice to employ high capacity batteries and ex-
cess noise free resistors for realizing the biasing networks.
In particular, a series of batteries for obtaining a sufficiently
large voltage together with a sufficiently large series resis-
tance can behave as a low noise current source for biasing a
DUT in voltage noise measurements. While effective in most
cases, this approach has several drawbacks: large volume oc-
cupied by batteries, need for frequent recharge, low accu-
racy and stability due to the change of the supplied voltage
with charge state and temperature. Programmability can be
obtained by employing relays for switching a network of re-
sistances in such a way as to obtain different values of series
resistances and, hence, different currents.’ In other cases, a
programmable solid state voltage source with a sufficiently
large series resistance can be used to set the bias current
through a sample with high resolution.* While effective in
some cases, the abovementioned approaches can seldom pro-
vide the very high internal impedance that would be desirable
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for a current source. A very high output resistance insures that
the current does not change appreciably when changing the
load and can be valuable in applications such as noise mea-
surement on unpackaged devices where the availability of a
high output impedance current source together with a proper
measurement configuration allows the rejection of the large
amount of low frequency noise that generates at the contacts
between the sample pads and the probe tips.> On the other
hand, small size would be desirable for the integration of
the current source as part of compact measurement systems.6
Low noise current sources based on solid state devices with
a very high equivalent output impedance can indeed be built
by employing discrete low noise Junction Field Effect Tran-
sistors (JFETSs) in a configuration such as the one reported in
Fig. 1.” The DC voltage Vj is used together with the excess
noise free resistor Ry to set the sourced current /- according
to the following relationship:

loyr = —VB VGS~ M

Ry

With V, in the order of a few volts and by employing very
low pinch off voltages JFETs, the dependence of 1, on the
actual Vg of the particular JFET being used can be made
reasonably small. The power spectrum S, of the current
noise sourced to the load can be calculated as follows:®

s _(_8uRs > Syp+S; +4kT R
I1our 1+ngS Rg

where g, is the transconductance of the JFET, k is the
Boltzmann constant, T the absolute temperature, Sy, and S;
are the power spectra of the voltage fluctuations ey, of the
source Vj and of the equivalent input noise source ¢; of the
JFET, respectively, and 4kTRg is the power spectral density of
the thermal noise source ep associated to the resistance Rj.
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FIG. 1. A simple low noise current source. In its simplest realization, the
voltage source V, can be a battery.

The effect of the input current noise source at the gate of the
JFET has not been included as its effect is generally negligible
with respect to the other sources of noise. An obvious choice
for implementing V, is that of resorting to a battery that, since
it does not supply a significant current during operation, be-
haves as a very low noise voltage source.” If one is willing to
accept the significant dispersion in the sourced current that re-
sults from the dispersion in JFET characteristics, the voltage
Vj can be avoided (V; = 0) and proper trimming on Rg can
be used for adjusting the current to the desired value. Indeed,
by using a set of circuits such as the one in Fig. 1, each of
which supplying a different current value (different values of
Ry), and a switching and combining circuit, a programmable
low noise current source has been proposed.'”

There is, however, a significant advantage, from the point
of view of the supplied current noise, in providing for a
large value for V. This can be quite easily understood from
Egs. (1) and (2). The same supplied current can be obtained
with the same V (resulting in the same transconductance
g,,) with different combinations of Vj and R;. Clearly, for
higher values of Vj, we need higher values of R resulting
in lower noise levels as it is apparent from Eq. (2). Moreover,
should we be able to design a programmable low noise volt-
age source to be used for V, we could clearly obtain a pro-
grammable low noise current source. While very low noise
programmable voltage sources have been realized,'"!? they
cannot be directly used for Vj, since we need a floating low
noise voltage source and this is not easily obtained, unless one
is willing to employ two sets of battery packs floating with
respect to each other!® with the obvious drawback of larger
volume, circuit complication and large parasitic effects that
may easily lead to circuit instability and/or increased influ-
ence from external interferences.

The fact that the source V; at steady state need only to
supply a very low current (it actually needs to be capable of
sinking the leakage current from the JFET gate that is in the
order, at most, of a few pA), suggests the possibility of ex-
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ploring miniaturized photovoltaic cells for generating a pro-
grammable voltage controlled by the light power emitted by
a LED. Conventional optocouplers such as the 4N25 may act,
under proper biasing, as controlled floating voltage sources
and they have been successfully used in a few cases for eas-
ing offset correction.!*!> The voltage that can be obtained at
the output of this system, where one of the junctions of the
output phototransistor acts as a tiny photoelectric source, is
clearly limited to a fraction of 1 V and therefore a few tens of
cells would be required for reaching voltages in the order of
a few volts. Moreover, the current driving capability of such
a source would be limited to a few A at most when driv-
ing the input LEDs at the maximum rated current of 50 mA.
While, as we have mentioned above, the current driving or
sinking capability is not relevant as far as the steady state is
concerned, a large capacitance (in the order of a few mF, as
will be discussed in the following) is needed to filter out the
large noise produced at the output of the source and there-
fore the source must be capable of compensating the leakage
current through such capacitor and allow reasonable transient
times when changing and/or discharging toward a given set
point.

Recently, miniaturized solar cells in SOIC packages have
been introduced that are capable of output voltages of 4 or § V
with a maximum short circuit currents of 100 and 50 uA, re-
spectively, under direct sun illumination (CPC18XX series of
integrated solar cells by IXYS). By mounting a high intensity
LED facing the sensitive surface of the chip it is possible to
obtain a programmable floating voltage source. A prototype
demonstrating the feasibility of this approach has been built
and tested with encouraging results.'® A few problems still
remained, however, for the approach to be considered prac-
tical. In the first place, besides the complication of the me-
chanical arrangement required for coupling the LED acting as
controlled light source to the integrated solar cell, the current
delivery capability of the cell always remained significantly
below 50% of the maximum rated performances. This could
be possibly solved by interposing a proper optical system be-
tween the LED and the cell, but this would further complicate
the design and increase the cost of the system. Moreover, for
obtaining reasonable settling time, the cell should be capa-
ble of both sourcing and sinking a sufficiently large current
to both charge and discharge the filtering capacitor in a short
time. A single solar cell can only source current. For obtain-
ing a significant current sinking capability, two cells in anti-
parallel combination could be used, one for sourcing and the
other one for sinking current. Unfortunately, the integrated so-
lar cell produced by IXYS have an internal single PN junction
already connected in anti-parallel with the chain of photodi-
odes, thus making the anti-parallel connection between two
cells not possible. Fortunately enough, however, single pack-
aged LED/solar cell combinations have been recently devel-
oped and have become commonplace in the field of power
electronic circuits as they can serve as floating drivers for
power MOSFETs in switching circuits. There are actually
several of such devices being produced by a number of man-
ufacturers, with a number of added options for optimizing
the driving of MOSFETS in power circuits. As we are, how-
ever, interested in the possibility of using these devices for
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FIG. 2. Connection diagram of the VO1263 device by Vishay Semicon-
ductor for realizing a floating bipolar Current Controlled Current Source
(CCCS).
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obtaining a low noise programmable voltage source, we se-
lected for our study the VO1263 device by Vishay Semicon-
ductor. Although advertised as a “Dual Photovoltaic MOS-
FET Driver Solid-State Relay,” the VO1263 simply contains
two independent optically coupled LED/photodiode array in
a compact DIP-8 or SMD-8 packages. The VO1263 can be
connected as shown in Fig. 2 for obtaining a bipolar float-
ing voltage source capable of sourcing or sinking currents
in excess of 50 uA while providing for an open voltage in
excess of 12 V. By means of a proper combination of two
or more VO1263, one can easily increase the output voltage
range and/or the current driving capability. The output short
circuit current Ip ¢ of the circuit in Fig. 2 (Ipygc = Ipy With
Vpy = 0) isreported in Fig. 3 vs the input LED driving current
I, p (the absolute maximum rating for the continuous current
in each LED is 50 mA). As it can be noted, good linearity
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FIG. 3. Short circuit current I, at the output of the circuit in Fig. 2 (1,54~
= I, when Vp, = 0) versus the input current driving the LEDs (/, ;). A
magnified view of the input output characteristic of the CCCS in the region
close to the origin is reported in the inset.
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FIG. 4. Output characteristics of the CCCS. The output current /p, is plot-
ted vs the output voltage V,,, with the input current driving the LED ({; ;)
as parameter. The dashed line represents the load curve corresponding to a
resistance of 1 MS2 connected to the output port.

is obtained for photo-generated output currents /py- above 1
1A and below —1 pA. A difference in the slope of the curve
for positive output currents (Ipyge- > 1 1A, slope = 1.3 x
1073) and negative output currents (Ipyq- < —1 (A, slope =
1.2 x 1073) can be noted that is the overall result of the elec-
trical and optical mismatch between the two LED/photocell
array systems in the package. This mismatch is, however, not
relevant for our application. The output characteristics of the
bipolar floating voltage source are reported in Fig. 4 (note
that the reference direction for the current I, is opposite to
what is normally done in reporting the output characteristics
of a device, as it is in accordance with what is normally done
in discussing the characteristics of a photovoltaic source). It
can be easily verified from Fig. 4 that, as it was expected,
there is a large region in which the device behaves as a Cur-
rent Controlled Current Source (CCCS) for output voltages in
the range from about —12 V up to 12 V), with the sourced
or sunken current essentially coincident with the short circuit
current Iy~ for any given value of the LED current. If a re-
sistance R, is placed in parallel to the output port, the device
can be regarded as a current controlled voltage source with
the output voltage given by

Veu =IpyRpy =l gpRpy, 3)

with « being the ratio I,,/I;;, that can be obtained from
Fig. 3. Equation (3) applies as long as the operating point
stays in the constant output current region in Fig. 4. For in-
stance, the dashed line in Fig. 4 represents the load curve cor-
responding to Rp,; = 1 M€, providing for an output voltage
range in excess of =10 V with a linear dependence of V,
on I, ;. Lower values for R, would result in a larger lin-
ear range, while larger values would result in a narrower lin-
ear range. As we shall discuss presently, however, the resis-
tance Ry plays an important role as far as the reduction of the
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output noise is concerned and, in this respect, it is desirable to
select R,y as large as possible, compatibly with the required
linear output range.

The floating source described above can only be useful if,
in the desired frequency range, the noise level is comparable
or lower than the equivalent input noise of the JFET employed
in the low noise current source in Fig. 1. As a reference,
we will take into consideration the IF3601 by INTERFET
that is characterized by an equivalent input noise as low as
10 nV/,/Hz at 100 mHz, 1 nV/,/Hz at 1 Hz, and less than
0.5 nV//Hz at frequencies above 10 Hz. This device, in its
differential pair version (IF3602), has been used for the design
of the ultra-low noise voltage amplifier that will be used for
all noise measurements in this work,!” and therefore we can
regard the background noise of this amplifier as the reference
noise spectra with respect to which the noise of the source
will have to be compared to. As far as the frequency range of
interest is concerned, although in some special cases inves-
tigations down to 10~® Hz have been reported, experiments
seldom extend below 100 mHz.'3:!° The reason why frequen-
cies below 100 mHz are seldom taken into consideration can
be easily understood when we observe that for obtaining re-
liable spectra estimation down to 100 mHz (estimation error
below 10%) by using a DFT spectrum analyzer, measurement
times in the order of several thousands of seconds may be
required.”’ Since the required measurement time is inversely
proportional to the lowest frequency of interest, 100 mHz can
in fact be regarded as an absolute practical limit for experi-
ments to be carried out in a time scale of a few hours, that is
to say within a single day. With these observations in mind,
we assumed 100 mHz as the lowest frequency of interest for
all experiments in which the programmable source might be
employed.

The noise spectra measured at the output of the floating
noise source in Fig. 2 with a load resistance Rpy; = 1 MQ
are reported in Fig. 5 for a limited number of output voltages
(three uppermost curves). The spectra have been corrected for
the load effect of the 3.3 M2 input resistance of the low noise
amplifier used to perform the measurements.!” However, the
spectra are not corrected for the effect of the amplifier input
capacitance, whose influence is apparent in the decrease of the
measured spectra starting at about 1 kHz. From the analysis
of these noise spectra, it is found that, in the low frequency
range, the power spectral density S,y of the current noise
generated by the source in Fig. 2 can be modeled as the su-
perposition of a shot noise component due to the sourced DC
current Ipy (Ipy & Ipyee in all investigated cases) and a flicker
noise component according to the following expression:

. Upyse)®
Sipn = AfT +2q1py5c

“)
A, ~ 1.5 x 107° (MKS units); B ~ 1.64,

where ¢ is the elementary charge.

As it can be readily observed from Fig. 5, where the ref-
erence spectrum (that is the Background Noise or BN of the
preamplifier used for the measurements) is also reported, the
voltage noise at the output of the source is, in the worst case,
about 60 dB larger than the reference noise. Proper filtering
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FIG. 5. Voltage noise measurements at the output of the CCCS with a resis-
tance R, = 1 MQ. All measurements are performed employing an ultra low
noise amplifier whose background noise is labeled BN in the figure and are
corrected for the loading effect of its input resistance. The three uppermost
spectra are measured across Rp; with no capacitor in parallel and with 7, o,
adjusted in such a way as to obtain the DC output voltage indicated for each
curve. The remaining spectra are obtained when connecting capacitors with
different capacitance values in parallel to Rp,,,. When a 10 mF supercapacitor
is used, the recorded spectrum coincides with the BN of the amplifier.

down to the minimum frequency of interest (100 mHz) is
therefore required. Such a filtering can be obtained by resort-
ing to a capacitor Cp; with a sufficiently large capacitance
in parallel to the load resistance Rpy. Examples of the noise
that is obtained at the output of the floating voltage source
when connecting a polyester capacitor of 22 uF or 220 uF
are reported in Fig. 5. Clearly, even with the largest capacitor
(220 uF) we end up with an insufficient attenuation of the
noise at frequencies below 10 Hz. It can be easily demon-
strated, by taking into account the frequency response of the
filter (parallel combination of Ry and Cpy) and the shape of
the noise spectra, that if the required attenuation (60 dB) is ob-
tained at the minimum frequency of interest, the attenuation
will be larger at larger frequencies. An attenuation of 60 dB
at 100 mHz can only be obtained if the pole frequency fpy
of the RpyCpy combination at the output of the source is
100 uHz or below, since a first order low pass filter intro-
duces an attenuation of 20 dB per decade above the corner
frequency. From this observation we have

fon < 100 uHz

B 2nRpyCpy

= (Rpy =1MQ) Cpj > 1.6mF. (5)

Until a few years ago, realizing such high capacitance val-
ues for applications in the field of low frequency noise mea-
surements was a quite challenging task. Conventional elec-
trolytic capacitors are not suitable for this purpose because of
micro-discharge effects through the dielectric layer that occur
at voltages well below the maximum rated voltages, resulting
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in additional noise components at very low frequencies. On
the other hand, high voltage (=100 V) polypropylene or
polyester film capacitor that do not suffer from such instabili-
ties are available with capacitances up to a few tens of micro-
farads and reaching capacitances above 1 mF could only be
obtained by a bulky (and expensive) combination of several
tens of such capacitors. Fortunately enough, the relatively re-
cent introduction of supercapacitors (or ultracapacitors) does
offer the possibility of obtaining high capacitances in a very
compact size. In a way, when resorting to supercapacitors, the
problem we face is opposite to the one we face in the case
of plastic dielectric capacitors, since supercapacitors are nor-
mally available with capacitances much larger than those re-
quired according to Eq. (5). While from the point of view of
noise attenuation the larger the capacitance the better, there
are other aspects that advice to select the minimum capac-
itance satisfying Eq. (5). Indeed, because of the limitation
in the maximum current that can be sourced by the floating
source (about 60 ©A), the time required for charging or dis-
charging the capacitor up to the desired value is directly pro-
portional to its capacitance. Furthermore, supercapacitors suf-
fer from relatively large residual leakage currents whose value
increase as the capacitance increases. Therefore, for our appli-
cation we searched for the supercapacitor with the minimum
capacitance that was available on the market with a rated volt-
age above the targeted maximum voltage of 10 V. We selected
the BestCap 10 mF supercapacitor produced by AVR with a
rated voltage of 12 V and a compact size of about 20 mm
X 15 mm x 6 mm. When this capacitor is used in parallel to
Rpyy, with the LED driving current adjusted in such a way as
to obtain a 10 V output, the measured output noise spectrum
coincides with the background noise of the amplifier, demon-
strating that, down to 100 mHz, the noise generated by the
floating source is much lower than the reference noise.

The complete circuit required for obtaining a very low
noise, high accuracy programmable current source is dis-
cussed in Sec. II.

Il. PROGRAMMABLE LOW NOISE CURRENT SOURCE

The complete schematic of the low noise, high accuracy
programmable current source is reported in Fig. 6. The circuit
reduces to the circuit in Fig. 1 where the battery V/; is replaced
by the low noise floating current source and a feed-back loop
is added for setting the value of the desired current starting
from the output of the AD667 high accuracy DA converter.
Instead of employing a single very low noise IF3601 JFET for
J,, we made the choice of employing four 2SK170 low noise
JFETs in parallel. In terms of equivalent input voltage noise,
the two configurations are almost equivalent for supplied cur-
rents in the mA range. When paralleling JFETSs, one must be
careful in selecting devices with quite similar actual param-
eters for the total current to be uniformly divided among all
the devices. This pre-selection burden is counterbalanced by
the fact that devices such as the 2SK170 are quite cheap and
easily available on the market, while the IF3601, which is un-
doubtedly characterized by excellent performances, is much
more expensive and less easily found as part of the catalogues
of the most common electron device resellers.
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FIG. 6. Simplified schematic of the complete programmable low noise cur-
rent source. The block CCCS is the circuit in Fig. 2, DA is a high accuracy
12 bit DA converter (AD667 by Analog Devices), J; is obtained as the paral-
lel combination of four matched 2SK170 JFETs. The system supply is £12 V
obtained by resorting to lead acid batteries.

The current to be supplied is set as the result of the value
of the resistance Rg and of the voltage at the output of the
DA converter AD 667. If the gain G, of the instrumentation
amplifier, IA,, that acts as error amplifier, is sufficiently large,
at steady state we have

Via
(Vs = V) = Rsloyr = Vpa = loyr ® R (6)
s

The output of JA, supplies the input of a transconductance
amplifier (after a low pass filter whose role will be presently
discussed) that drives the LEDs of the CCCS in order to bring
the bias at the gate of the JFET to the correct value for obtain-
ing the desired output current. The resistance R is an excess
free resistance whose value is chosen in such a way as to al-
low to reach, during transients, the maximum rated current of
50 mA through the LEDs so that charging/discharging times
can be reduced to a minimum. With the system supplied with
+12 V lead batteries, the maximum voltage swing at the out-
put of [A, is about £10 V, thus setting the value of R to
200 2. While the feedback configuration in Fig. 6 can cer-
tainly allow to obtain good accuracy in setting the value of the
supplied current, the most important issue to be addressed is
the level of additional noise that is introduced by the feedback
loop. There are several sources of noise that can dramatically
degrade the noise performances of the current source and, in-
deed, the most challenging task in the design we propose has
been to couple good performances in terms of accuracy to ex-
cellent performances in terms of output noise.

One of the most critical component in Fig. 6 is the in-
strumentation amplifier /A, that has to be used for reading the
voltage across the resistance R for producing an equal volt-
age (referenced to ground) at the output to be compared with
the reference voltage V4. The input bias current as well as
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the current noise at the input connected to the node V, flow
entirely through the load, thus adding a DC current offset and,
more importantly, a contribution to the system output current
noise. It is for this reason that we have selected the very low
input bias current and very low input current noise instrumen-
tation amplifier LT1167 by Linear Technology. For supplied
currents to the load in the order from a few nA to a few mA,
the input bias current of the LT1167 (80 pA typ.) can be con-
sidered negligible while its input current noise at the lowest
frequency of interest (100 mHz) is in the order of 1 pA/,/Hz.
Note that, with a supplied current in the order of a few mA, the
equivalent input voltage noise of J, at 100 mHz is in the order
of 25 nV/,/Hz that, with Rg = 1 kQ, translates in a current
noise to the load in the order of 25 pA/,/Hz. In these con-
ditions, from /A, can be considered negligible. Lower input
current noise amplifiers could be used; however, this would
result in larger equivalent input noise voltages that, as we
shall presently discuss, must be maintained as low as possi-
ble as well. With the exception of the equivalent input current
noise at the non-inverting input of the OP27 in Fig. 6, it can
be easily shown that all other sources of current noise in the
circuit have a negligible effect at all frequencies of interest. If
the value of Cy, is sufficiently large (in the order of a few mF),
also the equivalent input current of the OP27 can be neglected
with respect to the effect of its equivalent input voltage noise.°
Therefore, assuming C, to be a 10 mF supercapacitor (that is
identical to Cpy), we are left with the problem of evaluat-
ing the effect on the load of all the equivalent voltage noise
sources in the control loop. In order to simplify the determi-
nation of all these contributions to the output current noise we
will make the following assumptions:

e As far as the calculation of the noise contribution from
the control loop is concerned, we will assume the
JFET, the resistance Ry, the CCCS and the resistance
Rpy as noiseless devices.

® As long as the impedance Z,; is small compared to the
output impedance of the current source, we can replace
it with a short circuit.

With these assumptions, we may refer to the simplified
schematic in Fig. 7 for noise calculations. Note that the first
instrumentation amplifier ({A,) is not present in the figure be-
cause of its unitary gain; however, its noise contribution is ac-
counted for by means of the noise source e,;,; whose equiv-
alent spectral density is equal to that of the equivalent input
voltage noise source of IA;. This source is in series with the
equivalent input voltage noise source of /A, and since, as can
be verified in the data-sheet from the manufacturer, the PSD
of e, , for a gain much larger than one (G, < 1) is much
smaller than the PSD of e, , relative to the same instrumen-
tation amplifier with a unitary gain, we can neglect the contri-
bution by e,,,,. The transfer function from each noise source
to the node V can be quite easily calculated using the follow-
ing relationships:

Ve =e,pa — €1 — Vs)Giya + €urrl
1

X ——— 15 = RpCp,
I+st, F F&F
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FIG. 7. Simplified small signal equivalent circuit for the calculation of the
noise introduced by the control circuit.
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And, in terms of power spectral densities, with all noise
sources uncorrelated, we have

SvS = |H(ja))|2:SenDA + SenIAl

+G2 [Sunrr + Senop + Sonrc)l + jorp 1t
INA

©))

Once we know Syg, S;oyr can be simply calculated as
Syl (Rg)*.

The most important contribution to the noise at node V
at very low frequencies comes from the noise at the output of
the DA converter. Such a noise level can exceed 10! V2/Hz
(3.3 uV//Hz) at 100 mHz."> For comparison, the power
spectrum of the equivalent input voltage noise source S,,;,; of
the LT1167 with gain = 1 at the same frequency is ten times



125109-7 Scandurra et al.

smaller. As far as the other terms are concerned, their relative
weight can only be estimated after dimensioning the circuit
parameters G, R and C. We can, however, anticipate, in
order to simplify the discussion, that for obtaining high DC
accuracy, G, will have to be in the order of 100, that the re-
sistance Ry will be in the order of 10 k€2 and that the pole fre-
quency f will be in the order of 1 mHz. Therefore, with refer-
ence to Eq. (9), the contribution in the curly brackets from R
is clearly negligible at all frequencies as it would correspond
to the thermal noise of a 1 € resistor (4 x 1072! V2/Hz).
Moreover, with R = 200 Q (S,,zc = 8.3 x 107! V2/Hz),
it is the equivalent input noise of the OP27 that dominates
in the sum S, 0p + S,re Soop i 2.5 x 1071¢ VZ/Hz
at 100 mHz and about 9 x 10~'® V2/Hz at frequencies larger
than a few Hz). With f, = 1 mHz and G, = 100, and taking
into account the 1/f behavior of the noise at the output of the
DA converter, it can be easily verified that the contribution of
S,.0p 18 negligible with respect to S,,,, up to about 10 Hz.
Note that, as we shall presently discuss, the increase in noise
due to the term jwt is only apparent when we take into ac-
count the behavior of the frequency response H(jw).

With such a high noise contribution coming from the DA
converter, it is clear that while we need T, to be large for
reaching good DC accuracy (JH(jO)| ~ 1), we also need |T|
to be sufficiently small at all frequencies of interest to fil-
ter out the DA noise contribution. This is the main reason
why we need to introduce a second pole at f, = 1/2nty)
« 100 mHz in order to obtain the required attenuation of
the noise coming from the control circuit, since the single
pole at fp; = 1/(2mTpy) would not be sufficient to obtain,
at the same time, high accuracy, DA noise reduction and ac-
ceptable response time upon current setting change. If we re-
strict our attention to frequencies larger than f;,,,, = 100 mHz,
assuming both fp and f; to be much smaller than f,,,, we
have

FefeuTy
I
Note, moreover, that if we assume that at all frequencies of

interest (f > fyv) [T| < 1, we have

T(j2rnf)
1+ T (j2nf)

T(j2nf)~ — > fuin- (10)

fFfPHT().

|H (jo)| = ‘ ~IT (2 )l ~ Iz

(11
In order to reduce the noise introduced by the DA down to a
level comparable to the equivalent input noise source of J; at
the lowest frequency of interest we need an attenuation in the
order of at least 50 dB, that is

| T2 fon)l? < 1075 = 2P0 fFfP” SEIPH0 /105
MIN
V105 f2 R
= frGya < Y10 JiuinRe
ORpp fpu
(12)

Note that if the desired attenuation is obtained at the lowest
frequency of interest, a much higher attenuation will be ob-
tained at higher frequencies because of the dependency of T
on the frequency (|T| decreases by 80 dB/decade). The right-
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most inequality in Eq. (12) has been rearranged in order to
stress the fact that a constraint exists on the value of Gy,
(that essentially sets the DC accuracy) and the pole frequency
of the filter at the output of the error amplifier in order not to
add excess noise to the load.

When we use the values of the parameters according to
what previously discussed, we have

v 10~ fMIN
aRpy fpu

At the same time, with the given values of o, R, and Ry, we
have

FrGyna < € ~ 0.3 Hz (13)

R
EEPH G oa X 65 Gy (14)

T, =
0 RC

This means that, in order to obtain an accuracy better than 1%
in setting the DC output current, we require Gy, to be in the
order of 100 and, therefore, f in the order of 1 mHz. As the
value of Cj, has to be 10 mF for insuring a negligible noise
contribution from the equivalent input current source at the
non inverting input of the OP27, with R, = 10 k2 we obtain
fr ~ 1.6 mHz thus satisfying all the requirements for obtain-
ing high accuracy and no excess noise to the output current
coming from the control circuit.

If we require larger accuracy, we may increase Gy, and
correspondingly increase R in order to satisfy Eq. (13). How-
ever, it must be noted that the choice of G, and f has an
effect on the transient response of the system upon changing
the DA setting. Indeed, as it is obvious from Fig. 7, the trans-
fer function from the DA output toward the output Vy is the
same that has been calculated for the noise source e,,,,. We
have, therefore,

=H(s). (15)
VDA

It is quite easy to show that H(s) can be written in the form

T, 1
H(s)= x (16)
L+ Ty fges? s + 1

and, assuming 7, > 1, 7py > 74,
1 1
2 2 ’
F TpH +S PH + 1 S_ + Qi) + 1

R
— 2 \/fPHa PH fF INAS (17)
V TPHTF

0= \/fPHOlRPH % GINA_

H(s)~ +

Rc Ir

With the values for the parameters used before (G, = 100,
fpy = 16 uHz) we have w, =25 x 1073 rad/s (corresponding
to a frequency f, = 4 mHz) and Q = 2.55, that is we obtain
a moderate overshoot in response to an input step (assuming
the system to remain in linearity). If we require a larger DC
accuracy (larger G, ), according to Eq. (13) we must propor-
tionally decrease fy, and this, assuming the product G, f to
remain the same, would correspond to the same value of f
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but a larger value of Q, thus inducing larger oscillations dur-
ing the transient and, hence, larger settling time.

It is for this reason that, in the prototype we have built
and tested, Gy, was limited to 100, thus achieving a reason-
able compromise between settling time and accuracy. Note
that, because of the large gain in the feedback loop, upon DA
voltage changes in the order of a few hundreds mV, the output
of 1A, is likely to be in saturation during most of the transient
and linearity is regained when the voltage across Ry is within
less than 100 mV of the final DC steady state value. In these
conditions, upon turn on and setting a DA output voltage of
a few volts, steady state is reached in a few tens of minutes
(typically less than half an hour) that, when willing to accu-
rately estimate power spectra down to 100 mHz, is a quite
reasonable time.

lll. EXPERIMENTAL RESULTS

A prototype of the circuit in Fig. 6 has been built and
tested. The gain of A, was set to 100 and the resistance Ry
was set to 1 k€2 as discussed in the previous paragraph.

As a first test, the node V, was shorted to ground and
the voltage noise at the output V¢ was measured. The back-
ground noise of the ultra low noise voltage preamplifier used
for all measurements is reported in Fig. 8 (ULNA BN). The
noise measured at the output Vg when Z; = 0 (V; shorted to
ground) for a DA setting of 4 V (corresponding to a current
1,y =4 mA) is also reported in Fig. 8. As it can be noted, at
very low frequencies the measured noise essentially coincides
with the BN of the amplifier, so that we can only conclude that
the noise at V, that we expect to coincide with the equivalent
input voltage noise of J;, thanks to the parallel combination
of four 2SK170, is comparable or even lower than the equiv-
alent input voltage noise of the ultra low noise preamplifier
used for the measurements. At higher frequencies, a clear in-
dication of an additional noise component can be observed
that can be attributed to the thermal noise from Ry (the noise
contribution from Ry is attenuated by the low JFET equivalent
output impedance at the node V).

10" .

1 S, iR =33kQI=18mAT

S '

o 1070 ey S, R=10kQI=40mAY

2 M"\x y . g

2 10" il Wi ]

’“:‘mw S, R=0Q I =4.0mAj

1 0 18 STXBPON Al et b0y e s |

R =1kQ

10"9 " Lol " Lol " Lo

0,1 1 10 100

S (Hz)

FIG. 8. Voltage noise spectra measured on the prototype. ULNA BN is the
background noise of the amplifier. Sy, is the spectrum of the voltage noise at
node V¢ with node V; grounded (R, = 0). Sy, are the spectra of the noise
voltage across the load (R, ) in different operating conditions.
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In a second set of measurements we employed excess
noise free resistors for the load Z; and we measured the volt-
age noise at the output V;. The expected power spectrum can
be written as

Svi(f) = SiourRi +4kTR,

R,

2
4kTR,, (18
Rs) + L 18

~ (S; + 4kTRy) (
where R, is the resistance employed as a test load. In order to
allow the estimation of S, from Eq. (18), two conditions
must be met: (a) the noise Sy, should be much larger than the
BN of the voltage amplifier used for the measurement and (b)
the noise due to the current source must be large enough to
allow the subtraction of the thermal noise contribution from
the resistor used as a test load. Both these conditions can be
obtained with a sufficiently large value of R, with respect to
Rg. At the same time, however, large values for R, limit the
maximum value of the current that can be delivered to the load
with the JFET in the active region since:

Vs = (Rg+ R)Ipyr- (19)

With R; = 3.3 k2 we obtain a reasonable compromise be-
tween the need of maintaining a high value for Sy, (S; is
multiplied by a factor 10) and allowing to set currents in the
mA range (up to about 2 mA). The measured spectrum when
Loy is set to 1.8 mA is indeed sufficiently large (Fig. 8) for
the BN of the amplifier to be neglected at all frequencies.
In these conditions, Eq. (18) can be used for estimating the
spectrum S,,,;. The spectrum S, is reported in Fig. 9 con-
firming that the current noise at the output of the source re-
duces to that introduced by the JFET and the resistance R as
was expected by our design. In particular, when delivering an
output current of 1.8 mA, we obtain a current noise of just
6 x 10722 A%/Hz (or 25 pA/,/Hz) at 100 mHz and less than 3
x 1072 A%/Hz (or 6 pA//Hz) for f > 1 Hz. By integrating
the power spectrum between 0.1 and 10 Hz we can estimate
the RMS noise in such a bandwidth to be about 13 pA. As a
comparison, the RMS noise in the same bandwidth and for the

107 ————— 3
[ /Sq./Rg ]
N a2
= 10k E
< ]
S L
“v
10-23 E_
F | 1=1.8mA ]
107 — —_—
0,1 1 10

f(Hz)

FIG. 9. Power spectrum of the current fluctuations across a load of 3.3 k2
when 1, is set to 1.8 mA. The current spectrum is obtained from the voltage
spectrum S, obtained with R, = 3.3 k2, I; = 1.8 mA (reported in Fig. 8)
by using Eq. (18).
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FIG. 10. Measurement configuration for the estimation of the output
impedance of the current source. The voltage V, is 40 V (obtained by con-
necting several batteries in series) so that the DC voltage V; is close to 0
when I, =2 mA with R, =20 k<.

out

same supplied current of the Keithley model 6220 precision
current source (advertised as characterized by exceptionally
low current noise) is in the order of 40 nA, that is more than
60 dB larger than what is obtained in our prototype. Note that,
as we have noted before, the resistance R plays an important
role in setting the output noise. Increasing the value of Rg for
the same output current may allow to obtain less noise at the
cost of a smaller maximum allowed voltage drop across the
load.

A final test is reported with the load resistance R, set to
1 k2 so that a current of 4 mA can be made to flow through
the load (Fig. 8). Also in this case the measured spectrum is
very close to the one expected from Eq. (18) save at very low
frequencies (f < 500 mHz) where the contribution of the BN
of the amplifier is no longer negligible. As far as accuracy is
concerned, the residual error at the input of /A, resulted well
below 1% in all experiments (close to 0.3% in all cases).

As we have mentioned in the Introduction, a relevant pa-
rameter for a current source is its output impedance. The data
sheet for the 2SK170 do not include sufficient details about
the drain to source parasitic resistance in the active region for
allowing a reliable estimation of this parameter, and therefore
we made an attempt for a direct measurement of the equiv-
alent output impedance of the system with the approach re-
ported in Fig. 10. The series of batteries Vjj together with
a high resistance load (R, = 20 k€2) is used for maintain-
ing the system in linearity when delivering about 2 mA with
Ry =1 kQ. With Vg =40V, the DC voltage at node V is
close to 0. A programmable signal generator provides for a si-
nusoidal test voltage Vi, with a peak to peak amplitude Vppry
of 300 mV at any desired frequency while the amplitude of
the AC voltage at node V, is monitored by means of a digital
oscilloscope. Note that, since we are interested in frequencies
well below 1 Hz, the oscilloscope input has to be DC coupled
to node V;. The signal at the node V, was recorded with the
vertical scale of the oscilloscope set to 100 mV/div resulting
in a voltage resolution AV of about 3 mV (£400 mV range
with a resolution of 8 bit). The acquisition was synchronized
with the signal generator in order to allow averaging for re-
ducing the error in the estimation of the signal amplitude. In
these conditions, the peak to peak amplitude Vppy,; of the AC
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signal at node V, can provide an estimate of the equivalent
output impedance |Z,,; | starting from:

z
Vepyr = VPPTV%- (20)
ouT L

In the above mentioned conditions, Vpp,, was found to be
smaller than Vpp;,, by an amount of less than 3 AV (repeated
measurements of the difference between Vpppy, and Vppy, re-
sulted in values from O to 3 AV due to quantization). Because
the observed difference is quite close to the resolution limit of
the measurement system, we were not able to accurately ex-
tract the output impedance. However, assuming the worst case
(3 AV), from Eq. (20) we can estimate the output impedance
to be larger than 1 M at all investigated frequencies from
100 mHz up to 1 kHz.

IV. CONCLUSIONS

We have demonstrated that by using a programmable
floating voltage source and a proper control feedback it is
possible to design programmable current sources character-
ized by high accuracy, very low noise at low frequencies
and high output impedance. The accuracy in setting the de-
sired DC current is better than 1%; however, better accura-
cies can be obtained if one is willing to accept higher lev-
els of noise at very low frequencies. In the prototype that we
have designed and built we obtain, for sourced currents in the
mA range an RMS noise level in the bandwidth from 0.1 to
10 Hz that is orders of magnitude below that of commercially
available instrumentation. While using batteries with a proper
series resistance for setting the current through a device un-
der test remains the approach that can provide for the low-
est possible level of background noise at low frequencies, the
performances of the current source we propose are to be re-
garded as excellent especially since they are obtained together
with programmability and high accuracy in setting the DC
value of the supplied current. The fact that the system is quite
compact with respect to other solutions proposed in the lit-
erature, has to be regarded as a significant feature in itself,
since it simplify the integration of the programmable current
source as part of completely automated noise measurement
systems.
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